The pursuit of understanding the mechanisms of electrodeformation and electro-poration (EP) of biological cells in suspension or tissue began decades ago 1, 2 and the search continues with renewed enthusiasm. 3, 4 Understanding the connection between cell electro-deformation and EP is still a relatively unexplored area of research. One of the significant challenges in EP is high molecular weight molecules delivery such as DNA into the living cells. However, most of the existing numerical and analytical studies have tackled the modelling of this phenomenon based on various assumptions and constraints to predict and evaluate cell and tissue EP. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Typically, EP takes place when the transmembrane potential (TMP) exceeds a threshold V ep above which electrically conductive pores start forming in the membrane. [1] [2] [3] Experimental estimates for V ep fall in the range of 0.5-1.2 V but theoretical estimates point to V ep ¼ 0.258 V. 15 Most of the existing studies have so far assumed that cell membranes are rigid. This is valid assuming the electro-deformation is much slower in time as compared to the formation of pores. Cells change shape during the application of ls duration pulses and relax to their original shape when the external stimuli stop. 16 ,17 Yet, these volumetric deformations which are ubiquitous in the context of experimental EP, have not gained much attention in numerical models. Figure 1 shows optical microscopy images of two Chinese Hamster Ovary (CHO) cells from a time-lapse imaging (Multimedia view) of five cells. The applied electric field direction is shown in the middle snapshot. A CHO cell is observed to elongate up to 55% of its initial radius in the direction of the neighboring cell during application of a 100 ls long trapezoidal pulse. After the end of the pulse, the cell returns gradually to its initial shape. Elongation decreases from 55% to 28% in the next 100 ls after the pulse, to 8% after 1 ms and to 5% after 2 ms. It is noteworthy that in physiological experimental conditions, the electro-deformation is much smaller than the present case which may not be captured unless more advanced ultrafast imaging is used.
In this Letter, 3-D finite-element method is used to simulate the time-dependent electro-deformation and EP of a single-cell and an assembly of three cells in a specific configuration when one trapezoidal pulse is delivered. Specifically, we borrow from the existing research (see, e.g., Refs. 3, 7, 18, and 19) on the DeBruin and Krassowska asymptotic model of EP for a single cell based on the Smoluchowski equation which is solved on the cell surface to give pore density. The surface patterns of various important quantities like the electric field and surface charge density, Maxwell stress tensor (MST), TMP and pore density are examined at specific times, i.e., at the beginning, during and the end of the pulse. The main innovation of this Letter is to evaluate the correlation between the electric field, TMP, surface charge, and pore density distributions at the cell surface. This modelling is motivated in part by the recently proposed irreversible EP with high-frequency short bipolar pulses 11, 12 that reduces the occurrence of muscle contractions during clinical therapy showing that it is of utmost importance to consider the physical forces that govern cell deformation in order to optimize the EP efficiency. 4 We also note that other authors have proposed interesting 3D models of simple or realistically shaped cells in densely packed tissues. [11] [12] [13] [14] 19, 20 We use a model characterized by a principle of minimality in many respects. As in Refs. 21-23, the electrical properties are deduced from a core-shell modelling. In the case which is considered here, the elastic properties of cells are assumed to be spatially uniform, i.e., both cell and suspension medium have the same properties. Two reasons that spatially uniform properties are used here are that we already know that the mechanical properties of cells remain poorly understood fundamentally 16, 17 and the cell cytoplasm contains an elastic cytoskeleton while the cell exterior may contain an elastic matrix in the case of tissue or less of this in case of suspension media, all of which are too complex to be a part of this model. The purpose of our model remains to highlight some specific features in the results irrespective of the complexity of either the mechanical model or poration model used. Several factors can influence the distribution of electrical stress over the membrane such as the membrane compositional heterogeneity or different conductivity ratio across the membrane. In this work, we are focused in a particular scenario but such a model raises the question of how the electrical stress induced deformation of the cell would affect the final relaxation state when the electrical pulse delivery is finished. Furthermore, we expect the EP behavior is similar to that observed in previous studies so we can approximate the membrane conductivity by rðtÞ ¼ NðtÞ 2pr
, where we denote the pore density in the cell membrane, the radius and the internal electrical conductivity of a single pore, and the membrane thickness by N, r p and r p , and d m , respectively. 18 In Refs. 15 and 18 (see also references therein), it was shown that one can extract information about pores by solving a differential equation that governs the dynamics of the pore density as a function of time t,
, where N 0 is the pore density in the non-electroporated membrane, while a and q are two parameters describing the EP process.
Our starting point is to consider a single spherical cell (at rest) and an assembly of three cells in a specific configuration ( Fig. 2 ) that are exposed to a positive polarity trapezoidal voltage pulse (applied in the z-direction) which delivers an average electric field of strength E 0 ¼ 5 kV/cm. Of course, one could also consider the case of a multicellular environment modelling tissue, 9 an interesting generalization that we will discuss later. The electric and elastic properties are given as input parameter values for our simulations (see supplementary material). First, the Laplace equation is solved for electric potential, and then MST is calculated at the cell membrane as
where i, j can be x, y, and z, E is the electric field, and e is the membrane permittivity. In this, the surface electric field is obtained from the solution of electric potentials that are coupled at the cell membrane through a boundary condition
where J is the current density n the outward normal from the cell, d m is the membrane thickness, r is the membrane conductivity, and "int" and "ext" denote the cell interior and exterior, respectively. The average electric stretching force experienced by upper or the lower half of the reference cell is within the range of 0.1-0.3 nN. The MST distribution over the cell surface is an input parameter of the elastic model, which solves the time evolution of cell shape. The polarization charge redistribution induces stresses and changes the initially spherical surface of the cell into a prolate shaped surface. For a 6 lm cell radius (R), the electro-deformation DR=R, gradually increases the dimension along the z-axis. In our example model, the pulse delivery begins at t ¼ 10 ls and is finished at 110 ls to achieve good electrostatics. The total simulation runtime is 200 ls.
Simulations are performed using COMSOL MultiphysicsV R v5.2. 24 The simulations use a 50 Â 50 Â 50 lm 3 computational domain with electrically insulated boundary conditions for the y-z and x-z planes (conservation of the electric current density), adopting previously published techniques. 4, 8, 9, 23 Tetrahedral meshes are used in our calculations. The number of tetrahedral elements varies between 16 570 (single-cell) and 19 320 (3-cell configuration). The membrane is replaced by a thin surface to which a boundary condition is assigned between the cytoplasm Applied Physics Letters ARTICLE scitation.org/journal/apl and the extracellular medium. 4, 9 The average computational time of a typical simulation is about 13 min for a single cell and 38 min for three cells on Intel V R Core TM i7-5500U CPU. Figure 2 (Multimedia views) shows the area corresponding to TMP ! V ep in red color, starting from the poles, then spreading with time to other regions of the cell surface except near the equator (h ¼ p=2), and then shrinking once the pulse is finished. Charge distribution induces asymmetry along the z-direction, and the appearance of the characteristic prolate-shaped cells is observed as those shown experimentally in Fig. 1 . These plots are interesting because a possible indirect detection of EP is that a large rise in the surface charge density is seen once the TMP exceeds V ep corresponding to the induced buildup of charges across the cell membrane. We now describe the temporal dynamics of the elastic strain energy which is equivalent to the potential energy stored in the material when it is stretched with a force. Within this elastic model, the strain energy follows the voltage excitation up to a maximum, then shows a relaxation followed by a plateau, and has a complex behavior when the pulse is finished depending on the induced buildup of charges across the cell membrane. This is reasonable because we expect that the charge relaxation process for longer times (>100 ls) is describable by reversible physics. There is another noticeable point, i.e., the strain energy is two orders of magnitude weaker for the single cell configuration compared to the multiple cell one. Since strain energy represents the energy absorbed in the structure when strained, the larger number of cells the larger energy strain.
Besides determining the dependence of the cell elongation perpendicular to the high electric field regions over the membrane, such calculations can also serve to direct access into the symmetries of the surface charge and pore density and to achieve a correlation between them. The TMP is most naturally described in terms of the Maxwell-Wagner-Sillars interfacial polarization of the membrane. The TMP caused by the delivery of external electric field scales with time as / E 0 R cos ðhÞ½1 À exp ðÀt=sÞ, where s / r À1 is the time constant of membrane charging. For a single cell configuration (Fig. 3, left column) , h is a polar angle 
FIG. 3.
Comparison of the (y-z) plane distribution of the electric field norm, TMP, surface charge, and pore density of the single (left) and three-cell (right) in suspension at specific times of the electric pulse: t ¼ 11 ls (solid line), t ¼ 109 ls (dashed line), and t ¼ 112 ls (dash-dotted line). h is a polar angle measured from the center of the cell 1 (of radius 6 lm) going counterclockwise from the -z to the þz direction.
measured from the center of the cell 1 (of radius 6 lm) going counterclockwise from the -z to the þz direction. To further explore how redistribution of polarization charges can be contrasted with the single cell case, we now consider a 3-cell configuration. For the 3-cell configuration (Fig. 3, right column) , h is defined with respect to cell 1 as before. Cell 2 has a radius of 4 lm and cell 3 has a radius of 8 lm. The initial gap distances between the closest points of cell 2 and cell 3 surfaces with respect to cell 1 are 630 nm and 420 nm, respectively. The results in Fig. 3 show the asymmetry of the electric field norm, TMP, surface charge density, and pore density.
We first consider a single spherical cell in suspension (Fig.  3, left column) and make some consistency checks, i.e., at 11 ls, one finds a cosine law dependence of the electric field. A closer look at the pore density shows that once pores are created the highest density remains localized at the polarized poles. In our calculations for the 3-cell configuration, the electric field norm shows two peaks. The results show that the angle for the higher peak corresponds to the larger cell and the other peak corresponds to the smaller cell. It is also useful to look at the surface charge density: in the isolated cell case, it correlates well with TMP, but for the 3-cell configuration it correlates with high electric field areas. From the right column of Fig. 3 , we also note that there is a coincidence of the extrema of the electric field, TMP, and pore density. Such behavior has been corroborated experimentally in red blood cells as well as in supramolecular giant unilamellar lipid vesicles. 4 Additionally, the remarkable aspect of this geometry is that it can give rise to the Coulomb repulsion-to-attraction transition when very closely approaching a pair of static bodies having dissimilar surface potentials, a phenomenon associated with an asymmetric electrostatic screening at very small separation between cells. 25 From the perspective of generating a cell hierarchy for tissue modelling, the important aspect of this geometry is that it allows simultaneously analyzing proximity, crowding, and correlation effects between cells.
To further challenge our simulation data, in Fig. 4 , we plot the MST distribution and elongation dy and dz in the y-and zdirections, respectively.
Firstly, proximity effects lead to distortions of the spatial distributions of dy and dz. Especially instructive is the clearly established correlation between the MST distribution and elongation in the y and z directions as presented in the right column of Fig. 4 . The fact that simulations see a much better alignment of these quantities in the direction of the maximum electric field is reflective of the interplay between the surface charge distribution and the mechanical restoring forces of the cell in our model. When the number of cells in proximity is large, it is expected to have the following behavior: the larger local electric field, the more pronounced pore formation.
In summary, this study reveals some of the subtleties of cell electrostatics and mechanics, either for a spherical cell or an assembly of 3-cells in a specific configuration, that involve a complex interplay of the effects of the electric field, cell surface charge, TMP, pore density, and characteristics of the delivered pulse. Together, these observations suggest that the spatial organization of the polarization charges can play an important role in electro-deformation and EP of biological cells and that this organization can be controlled to facilitate EP. Our model can also be extended in directions such as linking to various device configurations with microfluidics and transport of dilute species from the cell exterior to its interior or vice-versa. This will render the extended models more appropriate for experimental validations with existing studies. 26 A two-dimensional model describing several irregularly shaped cells in proximity has recently been studied by Mescia and co-workers. 27 From a physical perspective, it is important to note that some EP models incorporate the change in the membrane tension due to the presence of pores which might also affect membrane elasticity. A more refined elastic model of the cell treating the contributions of the actomyosin cytoskeleton to the cell size and shape variations under external electric perturbation is required for a broader perspective. In particular, we plan to include the effect of cytoskeletal structures since the tensegrity architecture is a fundamental principle that governs how real cells are structured to respond biomechanically to mechanical forces. It is also worth mentioning that electric pulses leading to EP have an effect on the integrity of the cytoskeleton. 28 From a biophysics perspective, our study sets the stage to explore more complicated coarse-grained models that generate dense heterogeneous and anisotropic tissues such as in Ref. 8 . Also, different kinds of voltage excitation, e.g., high-frequency short bipolar pulses need special attention. Such features will be considered in future work. Fig. 3 for the MST distribution and elongation in the y-and zdirections, respectively. 
FIG. 4. As in

